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Edited by Maurice MontalAbstract Chlorella virus-encoded membrane protein Kcv repre-
sents a new class of potassium channel. This 94-amino acids min-
iature K+ channel consists of two trans-membrane a-helix
domains intermediated by a pore domain that contains a highly
conserved K+ selectivity ﬁlter. Therefore, as an archetypal K+
channel, the study of Kcv may yield valuable insights into the
structure–function relationships underlying this important class
of ion channel. Here, we report a series of new properties of
Kcv. We ﬁrst veriﬁed Kcv can be synthesized in vitro. By co-syn-
thesis and assembly of wild-type and the tagged version of Kcv,
we were able to demonstrate a tetrameric stoichiometry, a
molecular structure adopted by all known K+ channels. Most
notably, the tetrameric Kcv complex retains its functional integ-
rity in SDS (strong detergent)-containing solutions, a useful fea-
ture that allows for direct puriﬁcation of protein from
polyacrylamide gel. Once puriﬁed, the tetramer can form single
potassium-selective ion channels in a lipid bilayer with functions
consistent to the heterologously expressed Kcv. These ﬁnding
suggest that the synthetic Kcv can serve as a model of virus-en-
coded K+ channels; and its newly identiﬁed properties can be ap-
plied to the future study on structure-determined mechanisms
such as K+ channel functional stoichiometry.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Kcv is a Paramecium bursaria chlorella virus (PBCV-1)-en-
coded membrane protein that features the essential structure
of the K+ channels from prokaryotes and eukaryotes [1–3].
When expressed in Xenopus oocytes [1,3], mammalian
HEK293 [4] cells and Chinese hamster ovary (CHO) cells [2],
Kcv yields robust K+ selective currents sensitive to block by
Ba2+ and amantadine [1]. This virus-encoded K+ channel is
supposed to be present in the internal membrane of the viral
particle. Upon fusion of the viral membrane with the host plas-
ma membrane, it may depolarize the local plasma membrane,
promoting the viral genome release into the host [5,6]. The Kcv
activities may also be regulated by phosphorylation or dephos-
phorylation [7]. In addition, Kcv may also participate in other
important functionalities. For example, it may thermodynam-*Corresponding author. Fax: +1 573 884 4232.
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doi:10.1016/j.febslet.2007.02.005ically couple with virus-encoded aqua-glyceroporin to simulta-
neously alter water conductance and driving force for water
movement [8].
While the physiological roles of Kcv are being intensively
investigated [4–6,8], its unique structure is becoming a new
focus. Constituted by only 94-amino acids, this miniature
Kcv is the shortest K+ channel protein ever found. It possesses
the most primitive structure of all K+ channels: two trans-
membrane a-helix domains intermediated by a pore domain
with 61% similarity and 38% identity relative to the pore re-
gions of many other K+ channel proteins [1]. Most notably,
the pore domain of Kcv is highly conserved at the K+ selectiv-
ity ﬁlter sequence, TXXTXGFG, which is common to virtually
all K+ channels [1]. Recently, the site-directed mutagenesis in
combination with electrophysiology study based on macro-
scopic current recordings of heterologously expressed protein
has produced a wealth of information on channel structure-re-
lated properties of Kcv. For example, Kcv is a moderate volt-
age-dependent, inward rectifying channel with distinct kinetics
features [9]; the short N-terminus of Kcv is a possible region
that modulates channel conductance [4]; and the proline kink
of TM1 at the membrane/aqueous interface may control the
orientation of TM1 in the lipid bilayer, therefore play an
important role in the time- and voltage-dependent inward rec-
tiﬁcation [10]. Moreover, novel approach using natural diver-
sity analysis of the Kcv family encoded by chlorella viruses
[3,11] has been used to identify key amino acids (at positions
of 19, 54 and 66) aﬀecting K+ channel properties through long
distance interaction [12]. In summary, these unique structural
features suggest Kcv is a model channel in research on struc-
ture-determined molecular mechanisms.
In this paper, we report a series of studies which reveal newly
identiﬁed properties relating to Kcv: cell-free synthesis, molec-
ular stoichiometry, stability in strong detergent SDS and single
channel characterization. Cell-free protein synthesis is a pow-
erful protein production tool that has advantages over conven-
tional techniques in time-eﬃciency, capability of synthesis with
labeled amino acids (such as S35-methionine) and simpliﬁed
protein puriﬁcation; thus, it has been utilized to produce a
broad series of membrane proteins including ion channels
[13–16], neural receptors [17], ion pumps [18], drug transport-
ers [19] and many bacterial protein pores [20–23]. In this re-
port, we describe Kcv synthesis using coupled IVTT
technique. Through co-synthesis and assembly of the wild-type
Kcv and tagged variant, we were able to separate a series
of homo- and hetero-oligomer by electrophoresis, and demon-
strate a tetrameric Kcv stoichiometry, a common structure
adopted by all known K+ channels. Most notably, theblished by Elsevier B.V. All rights reserved.
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ing solution. With this capability, the tetramer can be directly
puriﬁed from polyacrylamide gel and form single K+ channels
in the lipid bilayer.
We are motivated to study Kcv due to its potential in eluci-
dating the K+ channel functional stoichiometry, a structural–
functional relationship that regulates how the functions of
the K+ channel such as high K+ selectivity depend on the indi-
vidual contribution by each of the four identical subunits. It is
known that the four identical subunits in a K+ channel are
symmetrically associated and work concertedly in conferring
unique functions on channels [24–29]. Our interest is the mod-
ulation of channel properties by each subunit individually in a
tetramer [30–32]. The strategy of this investigation is to detect
hetero-channels that contain diﬀerent numbers of functionally-
inactive subunits. According to the ﬁndings in this report, the
miniature K+ channel Kcv is suitable to this investigation,
since the hetero-Kcv proteins can separate in the gel and the
Kcv tetramer puriﬁed from gel can function as a K+ channel.
These properties could be very useful for detecting each
hetero-Kcv channel individually. Ultimately, we are able to
investigate at the single channel level the impact of such
hetero-Kcv structures on the channel properties.2. Materials and methods
2.1. Kcv gene assembly and ampliﬁcation
With the aid of software DNAWorks [33], the Kcv gene was opti-
mized for Escherichia coli expression from its known amino acid se-
quence [3], and was assembled and ampliﬁed from oligonucleotides
by PCR. All the oligonucleotides were limited to 50 nucleotides in
length; the annealing temperature Tm, (evaluated from the GC con-
tent) of optimized oligonucleotides was 58 C with a range of 1.6 C;
and the total codon usage score was 0.725. Unique NdeI and HindIII
cloning sites (underlined below) as well as stop codons (lower case be-
low) were also introduced. The forward and reverse strands were each
assembled from seven overlapping oligonucleotides:
Forward strand
5 0CATATGTTAGTGTTTTCTAAATTCCTGACC,
CGCACGGAACCATTTATGATCCACTTATTCATCTTAGCGA-
TGTTTGT,
GATGATTTACAAGTTCTTTCCGGGTGGCTTTGAGAACAAC-
TTCTCT,
GTGGCGAATCCGGCACAAAAAAGCGTCTTGGATTGATTG-
TATTTATTT,
TGGTGTGACCACCCACTCTACCGTTGGTTTCGGTGATAT,
CTTACCAAAAACGACGGGCGCGAAACTGTGCACGATC
GCCCACATTGTGACGGTGTTCTTTATTGTTTTAACCCTG-
tgataaG,
and reverse strand
5 0AAGCttatcaCAGGGTTAAAACAATAAAGAAC,
ACCGTCACAATGTGGGCGATCGTGCACAGTTTCGC,
GCCCGTCGTTTTTGGTAAGATATCACCGAAACCAACGG-
TAG,
AGTGGGTGGTCACACCAAAATAAATACAATCAATCCAAG-
ACGCTTTT,
TTGTCCGGATTCGCCACAGAGAAGTTGTTCTCAAAGCCA,
CCCGGAAAGAACTTGTAAATCATCACAAACATCGCTAAGA-
TGAATAAGTG
GATCATAAATGGTTCCGTGCGGGTCAGGAATTTAGAAAA-
CACTAACATAT.
For gene assembly and ampliﬁcation, PCR was carried out in a 50 ll
mixture containing 25 ll of oligonucleotides and 25 ll of enzyme mix
(FideliTaq; #71182, USB). The tube contained 1 pmol of each oligonu-
cleotide except for the 5 0-end oligonucleotides for each DNA strand.
These two oligonucleotides also functioned as ampliﬁcation primers
and were present at 50-fold molar excess over the internal ones toachieve both assembly and ampliﬁcation in a simple, one-tube protocol
[34]. After an initial heating segment at 95 C for 5 min, the reaction
was cycled for 0.5 min at 94 C, followed by ‘‘touch down’’ annealing
[35] from 68 C to 58 C for 0.5 min (in 1 decrements per cycle) and
concluding with a 0.5 min extension at 68 C. When the lowest anneal-
ing temperature was reached, conventional PCR was continued for an
additional 19 cycles under the last ‘‘touch down’’ parameters. The pro-
gram ended with a ﬁnal extension step at 68 C for 10 min.2.2. Incorporation of Kcv gene into plasmid
The full-length Kcv gene obtained by PCR (above) was puriﬁed on a
1% agarose–TBE gel and inserted directly into a TA vector (TOPO-
TA; #K4500-01, Invitrogen). After veriﬁcation by sequencing, the gene
was liberated from the TA vector by digestion with NdeI and HindIII
and ligated with pT7-SC6 that had been cut by the same enzymes to
yield pT7-Kcv.2.3. Modiﬁed Kcv genes
To purify Kcv and determine its subunit stoichiometry, DNA encod-
ing an N-terminal His tag with an oligo-aspartate linker [36] was ap-
pended to the wild type gene. The amino acid sequence of the
complete tag is: MHHHHHHDDDDDDDDSMG. This tag, which
is present in pT7-SC7, lies between unique NdeI and NcoI sites (under-
lined) and contains the following sequence: 5 0CATATG CACCAT-
CACCACCATCATAATAACAATAATAACAACAATAATTCCA-
TGGC. Once insertion of this N-terminal sequence onto the Kcv gene
was achieved through PCR, homologous recombination of the result-
ing fragments was performed [37]. One of these fragments was gener-
ated using EcoNI-linearized pT7-SC7 as a template with (forward)
5 0GACGACGATGATTCCATGGGCTTAGTGTTTTCTAAATTC-
CTG and (reverse) 5 0CAGAAGTGGTCCTGCAACTTTAT as prim-
ers. The other fragment used for homologous recombination was
derived from HindIII-linearized pT7-Kcv using PCR with primers
(forward) 5 0ATAAAGTTGCAGGACCACTTCTG and (reverse)
5 0ATAAAGTTGCAGGACCACTTCTG. The resulting tagged Kcv
gene in the T7 expression vector (pT7-H6D8-Kcv) was used to gener-
ate hetero-oligomers with the wild type gene.
Later, however, expression work using E. coli S30 extracts showed
that this tag was rapidly proteolysed, possibly inferring that acid pro-
teases in the extract were acting on the aspartate motif. To prevent
proteolysis, the aspartic acid residues of the tag were replaced with
asparagines. This strategy proved successful as little or no proteolysis
was observed in S30 extracts when Kcv carried a polyasparagine linker
at its N-terminus. To introduce a His tag and octo-asparagine linker
on Kcv, pT7-D8H6-Kcv (see above) was digested with NdeI and NcoI,
and the resulting small fragment was replaced with two oligonucleotide
cassettes that encode the new tag to yield pT7-H6N8-Kcv, cassette 1:
5 0TATGCACCATCACCACCATCATAAT (sense), phosphorylated
5 0GTTATTATGATGGTGGTGATGGTGCA (antisense); and
cassette 2: 5 0phosphorylated AACAATAATAACAACAATAATTC
(sense), 5 0CATGGAATTATTGTTGTTATTATT (antisense). All
modiﬁed genes were subsequently veriﬁed by DNA sequencing.2.4. In vitro transcription and translation
In vitro radiolabeled wild type and tagged Kcv polypeptides were
synthesized by coupled IVTT in the presence of [35S] methionine
(10 lCi per 25 ll reaction, 1200 Ci/mmol, ICN) and rifampicin
(20 lg/ml), with an E. coli T7 S30 extract (Promega) as previously de-
scribed [21]. The DNA template (4 ll, 40 ng/ll) was incubated with
IVTT components containing complete amino acid mix for 1 h at
37 C, with a yield of about 200 ng/ml by comparison with the
in vitro-synthetic a-hemolysin in earlier reports [20,21].2.5. Hetero-tetramer formation
Early work had shown that the wild type Kcv polypeptide sponta-
neously assembles into an SDS-stabile oligomer during in vitro synthe-
sis. To determine the stoichiometry of this oligomer, wild type and
tagged Kcv proteins were co-synthesized and assembled in vitro, as de-
scribed above, with various DNA ratios (4:0, 3:1 2:2, 1:3 and 0:4) of
pT7-Kcv and pT7-H6N8-Kcv, respectively. The resulting homo- and
hetero-oligomers were loaded on a 12.5% SDS–polyacrylamide gel
[38] and electrophoresed. The gel was then dried and exposed to X-
ray ﬁlm.
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For bilayer recordings, wild type Kcv was synthesized as above, ex-
cept for the inclusion of rabbit red blood cell membranes (10 ll; 1 mg/
ml protein) during IVTT, as previously described [21]. After IVTT,
membranes were spun down (5 min at 21000 · g) and washed with
500 ll of MBSA buﬀer (10 mM Na MOPS, titrated with NaOH,
150 mM NaCl, 0.1% BSA; pH 7.0). The washed membranes were re-
pelleted and then solubilized in 50 ll of sample buﬀer prior to electro-
phoresis on a 12% SDS–polyacrylamide gel [38]. Immediately after
electrophoresis, the gel was dried between two sheets of plastic ﬁlm
(#V713B; Promega) using an air-drying system (‘‘GelAir’’, #165-
1771, Bio-Rad) at 50 C for 2 h, and exposed to X-ray ﬁlm. Using
the developed autoradiogram as a template, a slice containing the
Kcv oligomer was excised from the gel with scissors and rehydrated
in a tube with 0.5 ml of water. After rehydration, the plastic ﬁlm back-
ings were released from the gel slice and subsequently removed with
ﬂamed metal forceps. The slice was then crushed in the tube with a dis-
posable plastic pestle (#749521-1590; Nalge Nunc International) and
the resulting gel fragments were removed with a spin ﬁlter (‘‘QIAshred-
der’’, #79654; Qiagen). The ﬁltrate containing the Kcv oligomer was
stored frozen in 50 ll aliquots at 80 C.
2.7. Single channel recording on planar lipid bilayer system
The planar lipid bilayer apparatus is composed of a 25-lm-thick
Teﬂon ﬁlm (Goodfellow, Malvern, MA) with a 100-lm diameter ori-
ﬁce serving as the partition between the two 2-ml Teﬂon chambers
(made by Science Workshop at University of Missouri). The oriﬁce
was pretreated with 1:10 hexadecane (J.T. Baker)/pentane (Burdick
and Jackson). A solvent free planar lipid bilayer of 1,2-diphytanoyl-
sn-glycerophosphatidylcholine (Avanti Polar Lipids) was formed over
the oriﬁce by a mono-layer folding method [39]; a potential was ap-
plied across this bilayer by Ag/AgCl electrodes with 1.5% agarose (Ul-
tra Pure DNA Grade, Bio-Rad) bridges containing 3 M KCl. Protein
was added to the cis chamber, which was grounded, while voltage wasWt-Kcv/t-Kcv plasmid ratios
4:0 3:1 2:2 1:3 0:4
BA C D E
12.5% SDS Gel
32 kDa
14 kDa
Fig. 1. Electrophoretically separated monomers, homo- and hetero-tetramer
from coupled IVTT, run on a 12.5% SDS–polyacryamide gel, and visualiz
cosynthesized wt-Kcv and tagged Kcv (t-Kcv) at wt-Kcv:t-Kcv DNA ratios
and Lane-E each contain one light band below 14 kDa and one heavy band a
heavy bands. Light bands represent monomers of wt- and/or t-Kcv, and toge
and hetero-tetramers co-assembled by wt-/t-Kcv.applied from the trans chamber so that at positive potential a positive
current was recorded, representing cations ﬂowing from trans to cis.
Single-channel currents were recorded with an Axopatch 200B patch-
clamp ampliﬁer (Molecular Device Inc.), ﬁltered at 1 kHz with a
built-in 4-pole low-pass Bessel Filter, and acquired with Clampex 9.0
software (Molecular Device Inc.) through a Digidata 1332 A/D con-
verter (Molecular Device Inc.) at a sampling rate of 20 kHz. The cur-
rent noise IRMS is 1.2–1.5 pA (the value of IRMS displayed on the
ampliﬁer panel). The Data were analyzed using Clampex 9.0, Excel
2003 (MicroSoft) and SigmaPlot (SPSS) software. All the single chan-
nel currents were determined by ﬁtting the peaks in amplitude histo-
grams to Gaussian functions. Conductance values were given as
means ± S.D. based on n separate experiments (n P 3). The electro-
physiology experiments were conducted at 22 ± 2 C.3. Results
3.1. In vitro synthesis and oligomerization of Kcv
The S35-labeled membrane protein Kcv was synthesized by
coupled IVTT as described in Section 2. The protein product
can be detected by electrophoresis on the SDS–polyacrylamide
gel (Fig. 1). The synthetic wild type (wt-) Kcv generates two
major bands in the 12.5% SDS gel (Lane-A): a light band be-
low 14-kDa, and a heavy band above 32 kDa. Considering the
molecular weight of Kcv (10.6 kDa) [1], we associate the light
species to protein in monomeric format—suggesting the suc-
cessful synthesis of Kcv, and the heavy species to the product
of Kcv monomer oligomerization. There are several indicators
that support this explanation. First, only S35-labeled protein(t-Kcv)4
Tetramer
Monomer
(wt-Kcv)1(t-Kcv)3
(wt-Kcv)2(t-Kcv)2
(wt-Kcv)3(t-Kcv)1
(wt-Kcv)4
t-Kcv
wt-Kcv
s of in vitro-synthesized Kcv. All S35-labeled proteins were produced
ed by autoradiograph. Lane-A: wild type Kcv (wt-Kcv); Lanes-B–D:
of 1:3, 2:2 and 3:1, respectively; Lane-E: synthetic t-Kcv only. Lane-A
bove 32 kDa, while Lanes-B–D each contains two light bands and ﬁve
ther the ﬁve heavy bands represent all possible combinations of homo-
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other proteins contributing to the band as the only radio-la-
beled protein present during in vitro-synthesis is wt-Kcv. Sec-
ond, upon heating the in vitro product at 100 C (Fig. S1 in
Supplementary material) the heavy band diminishes and pro-
tein is transferred to the light band, suggesting that Kcv oligo-
mer that dissociates into monomers at high temperature is the
only component present in the heavy band. Third, no other
major species were identiﬁed above or below the heavy band,
implying that only one oligomeric format is adopted by Kcv.
In order to further verify the in vitro synthesis and oligomer-
ization, we constructed tagged Kcv (t-Kcv), a mutant possess-
ing a short peptide tag of six histidines and eight asparagines
that serve as a linker appended to the N-terminal of wt-Kcv.
This method relies upon the assumption that if t-Kcv can be
synthesized and oligomerized, both its monomers and oligo-
mers should migrate slower than wt-Kcv due to their higher
molecular weights. And indeed we identiﬁed two bands for
synthetic t-Kcv (Fig. 1, Lane-E), one light and one heavy,
but both apparently heavier than their corresponding wt-Kcv
bands (Fig. 1, Lane-A).
The results from these experiments conﬁrm the following
Kcv properties: ﬁrst, the Kcv protein can be synthesized
in vitro; second, the synthetic Kcv can be oligomerized; and
third, the Kcv oligomer can separate by electrophoresis, sug-
gesting its structural stability in detergent SDS.3.2. Tetrameric molecular stoichiometry
While the above experiments verify Kcv oligomerization, the
number of monomers that must associate to form the oligomer
remains in question. To resolve subunit stoichiometry, we co-
synthesized wt-Kcv/t-Kcv in vitro at various plasmid ratios
(Fig. 1, Lanes-B–D). If wt-Kcv and t-Kcv can be co-assembled
into homo- and hetero-oligomers, these co-assemblies are ex-
pected to separate in gel according to their molecular weights
[20,30–32,40]. Similar methods have been developed to deter-
mine structural stoichiometry for a-helical channels
[30,32,41] and b-barrel protein pores [20,21,42], where two
forms of channel proteins, one diﬀering from the other in the
length of a terminal tag, were expressed either individually to
form homo-oligomeric complexes, or co-expressed to form
hetero-oligomers. In our study, since Kcv oligomers retain
their structural integrity in SDS, we hope to discriminate var-
ious hetero-oligomers formed by co-synthesized wt-Kcv/t-Kcv
present in a gel, then determine the molecular composition of
Kcv via stoichiometry.
Our electrophoresis results revealed that the co-synthesized
proteins split into two light bands and ﬁve heavy bands at
all wt-Kcv/t-Kcv DNA ratios tested: 3:1 (Fig. 1, Lane-B), 2:2
(Fig. 1, Lane-C) and 1:3 (Fig. 1, Lane-D). Comparing these
gels with bands at the same levels in Lane-A and Lane-E, we
might associate the two light bands to wt-Kcv and t-Kcv
monomers, respectively. This association agrees with the rela-
tive protein quantities found in each band at diﬀerent DNA
percentages. For example, faster-migrating wt-Kcv monomers
dominate in the two lighter bands when its DNA percentage is
twofold higher than t-Kcv (Lane-B); alternatively, slower-
migrating t-Kcv monomers dominate when the DNA ratio is
inverted (Lane-D).
Compared with the light bands, the co-synthesized products
split into ﬁve heavy bands. In addition to the fastest and theslowest migrating products, which correspond to homo-oligo-
meric wt-Kcv and t-Kcv, three novel intermediate bands ap-
pear. The relative protein amounts in the ﬁve bands are also
highly inﬂuenced by the DNA ratio. When the quantity of
wt-Kcv DNA is twofold more than that of t-Kcv DNA, the
faster-migrating bands dominate (Lane-B); as the quantity of
wt-Kcv DNA equals that of t-Kcv DNA, the intermediate
bands thicken (Lane-C); and when wt-Kcv DNA falls to one
third of t-Kcv DNA, the slower-migrating bands dominate
(Lane-D), an inverse trend to Lane-B. The presence of the ﬁve
bands at all the tested DNA ratios not only conﬁrms the exis-
tence of wt-Kcv/t-Kcv co-assemblies with each monomer serv-
ing as a randomly associating subunit, but also shows that
there are exactly four subunits in each oligomer. Given this tet-
rameric stoichiometry, we can infer that the ﬁve heavy bands
represent all possible combinations of wt-Kcv/t-Kcv homo-
and hetero-tetramers, listed here from the fastestmigrating to
the slowest-migrating species: (wt-Kcv)4, (wt-Kcv)3 (t-Kcv)1,
(wt-Kcv)2 (t-Kcv)2, (wt-Kcv)1 (t-Kcv)3, and (t-Kcv)4, where
the subscripts denote the contributed numbers of each subunit
to the tetramer. In addition, the tetrameric stoichiometry is
also consistent with the position of heavy bands above
32 kDa of the marker, as the presumed molecular weight of
a Kcv tetramer is 42 kDa.
In summary, co-synthesizing wild-type Kcv and tagged-var-
iant in the above experiment helps to resolve the tetrameric
stoichiometry of Kcv, a universal structure adopted by all
the K+ channels. It should be noted the synthetic Kcv is tetra-
merized in a membrane-free system; thus it is not the mem-
brane that promotes the protein assembling. To conﬁrm this
note, we further tested the eﬀect of rabbit blood cell (RBC)
membrane on the Kcv oligomerization (Fig. S1 in Supplemen-
tary material). It is known that many transmembrane protein
pores secreted by bacteria can be oligomerized in the presence
of RBC membrane [20–23]. However, our test indicated RBC
membrane does not enhance the Kcv oligomer formation
(Fig. S1 in Supplementary material). Since the Kcv oligomers
are observed on SDS containing gel, future tests need to be
done to identify the detergent eﬀect on the Kcv oligomeriza-
tion. Detergents have been reported to be compatible with
and to promote the cell-free synthesis of a-helical-structured
channel proteins, such as the large mechanosensitive ion chan-
nel (MscL) [14], in the absence of membrane.3.3. Formation of single K+ channels by Kcv tetramer puriﬁed
from gel
Since natural K+ channels commonly adopt the tetrameric
structure, we questioned whether synthetic Kcv tetramer is
capable of functioning as a K+ channel. To investigate this,
we collected the heavy band of gel containing wt-Kcv tetramer
and dissolved it in 50 ll of water. Upon removal of the gel
component by ﬁltration, we obtained the puriﬁed protein in
solution (see Section 2). The protein solution was then directly
added to the cis chamber to allow observation of channel-
forming activity.
The Kcv tetramer collected from gel rapidly formed single
ion channels on the DPhPC bilayer membrane (Fig. 2). On
average, single channels appeared within 5–10 min after addi-
tion of 1–2 ll of protein solution. Through measuring the
fully-open current in 150 mM KCl (pH 7.2) symmetrical
recording solution at various voltages (Fig. 2A), we obtained
A-60 60 120
-10
10
20
30 pA
mV
+80 mV
+40 mV
-40 mV
-80 mV
100 ms
15
 p
A
150 mM KCl, pH7.2
B
Fig. 2. Formation of ion channels by single Kcv tetramers on a DPhPC lipid bilayer. Kcv was synthesized using IVTT and self-assembled into
tetrameric complex. The puriﬁed tetramer was obtained by directly collecting samples from gel and dissolving in water. The transmembrane potential
for each current trace is indicated and the dashed line indicates zero current. (A) Representative current recordings from single Kcv channels at
various voltages. All traces were recorded in symmetrical buﬀers containing 150 mMKCl and 10 mM Tris (pH 7.2). (B) Current–voltage relationship
(I–V curve) measured from a single Kcv channel.
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vealed a rectiﬁed I–V relationship: the single channel current
increased almost linearly with positively applied voltages
(g = 179 ± 21 pS at +120 mV), but decayed sharply at negative
voltages with a maximum current around 60 mV
(g = 112 ± 11 pS). This result is consistent with the rectiﬁed
current found for Kcv channels expressed in heterologous sys-
tems [1,3].
To determine the ion selectivity of the synthetic Kcv, we ﬁrst
examined whether the single channel current is carried by theA
4 
pA
-30 mV
-50 mV
-60 mV
cis:150 mM KCl
trans:1000 mM KCl
B
2 
pA
2
-30 mV
-40 mV
-50 mV
cis:150 mM NaCl
trans:150 mM KCl
Fig. 3. Potassium selectivity of ion channels formed by Kcv tetramers. (A) C
the cis chamber and 1000 mMKCl in the trans chamber, and both in 10 mM T
Kcv based on recordings in (A). The reversal potential (Vr) is marked by the
150 mM NaCl in cis and 150 mM KCl in trans, and both in 10 mM Tris buﬀ
Again, the reversal potential (Vr) is marked by the arrow.cations or the anions in asymmetrical KCl solutions. I–V data
were recorded with 150 mM KCl in the cis chamber and
1000 mM KCl in the trans chamber (Fig. 3A and B); and the
reversal potential was obtained by ﬁtting the I–V data to poly-
nomial curve. Under this asymmetrical salt condition, the
reversal potential is 43.3 ± 0.3 mV, suggesting that the syn-
thetic Kcv is very highly selective for K+ over Cl. Next, we
examined the Kcv channel selectivity for diﬀerent cations using
asymmetrical solutions containing K+ and Na+. I–V data were
then recorded with 150 mM NaCl in the cis chamber and-80 -40 40 80
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mV
Vr
500 ms
-80 -40 0 40 80
2
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6
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Vr
00 ms
urrent recordings in asymmetrical KCl solutions with 150 mM KCl in
ris buﬀer (pH 7.2). (B) I–V curve recorded to test charge selectivity for
arrow. (C) Current recordings in bi-ionic asymmetrical solutions with
er (pH 7.2). (D) I–V curves recorded from (C) to test cation selectivity.
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condition, we characterized that the channel becomes perma-
nently closed from 50 mV, giving no current data point be-
low this voltage; and all recorded currents are positive
(Fig. 3D). In this case, the reversal potential was obtained by
ﬁtting the I–V data to a polynomial curve and extrapolating
it to the voltage axis. The resulting reversal potential is
73.6 ± 0.4 mV, indicating that the selectivity of Kcv channel
for K+ over Na+ is at least an order of magnitude. This result
is comparable to the K+/Na+ permeability ratio measured for
Kcv by macroscopic current recording on oocyte membrane
[1].
The K+ current recorded from Kcv channels expressed in the
oocyte membrane can be inhibited by the typical K+ channel
blocker Ba2+ and the anti-viral drug amantadine [1]. To verify
that our synthetic Kcv has the similar property, we tested the
two blockers on it. The test was performed in symmetrical
150 mM KCl solutions and single Kcv channel were recorded
at +40 mV. In the control test without blockers in either cham-
ber, the typical single Kcv channel events can be identiﬁed as a
series of open-close transitions (Fig. 4A) with characteristic
open-state conductance (g = 207 pS), and open event duration
(sopen = 3.4 ms). Upon addition of 1 mM Ba
2+ to the trans
chamber, sopen dramatically falls (sopen = 0.51 ms), but g is
not aﬀected. It should be noted that many opening events in
the presence of 1 mM Ba2+ are very short and could not be
fully resolved at 1 kHz ﬁltering frequency. As a result, it looks
like that the amplitude of these events is reduced (Fig. 4B).
These events were ﬁnally excluded from the conductance mea-
surement. This result of this experiment suggests that trans
Ba2+ strongly inhibits single channel open-probability through
shortening open event duration and reducing its occurrence
without aﬀecting the channel conductance. We further tested
the eﬀect of amantadine on the Kcv channel current
(Fig. 4C). In contrast to Ba2+, we found the addition of
1 mM amantadine to the trans chamber does not alter sopen,
but instead causes 53% reduction of the channel conductance
(g = 97 pS) (Fig. 4C). Thus, trans amantadine can also inhibit
K+ current of Kcv, but governed by a binding mechanism dif-
fering from trans Ba2+. Similar block modes can also be ob-
served when Barium and amantadine are presented in the cis
chamber where protein was added (trace not shown). For
example, at 40 mV, the addition of 1 mM cis Ba2+ is ableto decrease the open event duration from 3.8 ms to 1.6 ms
without altering the conductance, while at the same voltage,
1 mM cis amantadine reduces the conductance from 128 pS
to 105 pS, but does not aﬀect the open event duration. There-
fore in general, it is concluded that the K+ current of our
in vitro-synthetic Kcv channel can be inhibited by either
Ba2+ or amantadine from both sides of channel. This is in con-
sistence with the results obtained from Kcv expressed in oocyte
membrane: full current inhibition by Ba2+ and half inhibition
by amantadine at the same inhibitor concentrations [1].
The above series of single channel characterizations suggests
an important property that the Kcv tetramer retains the func-
tional integrity in SDS. This capability allows the tetramer to
be puriﬁed from the gel and to function as a K+ channel in the
artiﬁcial bilayer.4. Discussion
In summary, here are the overall conclusions of this report:
(1) the miniature virus-encoded membrane protein Kcv can be
synthesized in vitro; (2) the synthetic Kcv adopts tetrameric
structure and can separate by electrophoresis; (3) the Kcv tet-
ramer retains structural and functional stability in the presence
of strong detergent SDS; and (4) once puriﬁed from the gel, the
Kcv tetramer is able to form single K+-selective channels in bi-
layer. These ﬁndings support the following discussion.
First, cell-free protein synthesis has been shown to be an eﬃ-
cient protein production tool for future research applications.
Second, since Kcv represents an independent class of K+ chan-
nels encoded by virus, the conﬁrmation of its molecular stoi-
chiometry supports the universality of tetrameric structures
among K+ channels across all eukaryotes, prokaryotes, and
now viruses [26]. Third, because functions of the synthetic
Kcv are in consistence with that of the Kcv channels expressed
in heterologous systems, the synthetic Kcv can be used to mod-
el the behavior of virus-encoded K+ channels for future re-
search on the molecular mechanisms governing channel
permeation, selectivity, gating, protein–lipid interaction and
pharmacology. Fourth, it is convincing that many single channel
properties of our in vitro synthetic protein are identical to that
of Kcv puriﬁed from yeast and inserted in artiﬁcial lipid bilayer
[43], with respect to the conductance, the shape of I–V curve,
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single channel properties between the in vitro and in vivo syn-
thesized channels should implicate that the protein post-trans-
lational modiﬁcation as well as the bilayer artifact can be ruled
out; and the tetramerization of Kcv channel is a self-organiz-
ing process. Fifth, the Kcv tetramer remains its functional
integrity after puriﬁcation from SDS gel, as demonstrated by
its capability to eﬃciently form K+ channels in a lipid bilayer.
This is notable because many b-barrel protein pores, as
exempliﬁed by a-hemolysin, also retain their oligomeric
structure and pore-forming capabilities after treating with
SDS [20–23]. Thus, the synthetic Kcv can also serve to model
and direct the engineering of a-helical proteins that retain both
structural and functional integrity under harsh biological
conditions.
In addition, the single channel technique utilized in this re-
search also exhibits its ability to reveal molecular processes.
As demonstrated by the Kcv inhibition experiment (Fig. 4),
single channel recordings clearly visualize distinguished inhibi-
tion mechanisms by Ba2+ and amantadine, as reﬂected by their
diﬀerent single molecular binding patterns (Fig. 4); this phe-
nomenon has not been directly observed using other methods.
The mechanisms for Kcv inhibition will be investigated in the
future.
Regarding the planar bilayer system, it is a very eﬃcient
facility for single channel study that allows free manipulation
of membrane and experimental conditions on both sides such
as the lipid composition, solution pH and ion strength. Since
Kcv possesses shorter transmembrane domains, particularly
the C-terminal a-helical bundle, than other K+ channels, it
would be important to test how the lipid molecular length
and membrane composition regulate Kcv functionalities so
that the protein–lipid interaction can be modeled [2]. Recently,
a modular ion channel chip based on this low noise bilayer sys-
tem has been created that features both high portability and
durability, with which the long-term (3 days) dynamic of
Kcv channel has been observed [44].
We hope the miniature K+ channel Kcv could serve to model
the functional stoichiometry—the individual contribution by
each subunits to the overall channel functionalities. In tradi-
tional methods, the wild-type protein and functionally-inactive
mutant were co-expressed to form a series of homo- and het-
ero-oligomeric channels in the cell membrane. For single chan-
nel examination, these channel species were randomly selected
in each recording without knowing their subunit composition
[30–32,41]. Therefore, it was diﬃcult to associate observed cur-
rent types to each channel species. By comparison, the hetero-
Kcv complexes can separate using electrophoresis, and at least
the wild-type Kcv tetramer puriﬁed from the gel functions
properly as a K+ channel. Moreover, the processes already ex-
ist to separate heteromeric b-barrel protein pores [21,45–48].
We speculate that the adaptation of these processes may be
capable of purifying Kcv hetero-tetramers. This would allow
selectively manipulating key amino acids of an individual sub-
unit in a protein complex. Such an exploration could be started
from existing species such as the wild type Kcv and mutant
F66A, a variant with a diminished K+ current due to the sub-
stitution of Phe66 at the selectivity ﬁlter GFG [1]. It is thought
that a series of relationships between the subunit compositions
and the corresponding K+ selectivity could be established; this
should infer the impact of individual substitution on the over-
all K+ selectivity.Acknowledgements: We thank Stephen Cheley for the design and syn-
thesis of the wild type and tagged Kcv genes as well as the determina-
tion of the stoichiometry of their encoded subunits while working in
the laboratory of Professor Hagan Bayley at Texas A&M University.
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